Abstract The particle backscattering coefficient (b bp ) has been obtained either by equipment or semi-analytically based on relations between b bp and the remote sensing reflectance (R rs ). Correlation between b bp and R rs can be significantly high allowing the development of bio-optical model to estimate the total suspended matter concentration [TSM] on water surface from satellite images. The development of such model to monitor cascading reservoir systems can be challenging since this type of water resources changes their biogeochemical composition from upstream to downstream; the water in such system can range from hypertrophic to oligotrophic state. The scientific question raised in this letter is that: in an oligo-tohypertrophic water system the models based on b bp will keep their good agreement or the influence of organic matter (e.g. chlorophyll-a) can affect this relationship? The aim of this letter was to analyze the b bp variability in a cascading reservoir system and search for empirical models that can capture the relationship between the b bp and [TSM]. The results showed that there are not only differences in the biogeochemical concentrations but also in the b bp from upstream to downstream. In addition there is an influence of chlorophyll-a concentration [Chl-a] on the relationship between b bp and [TSM] which prevents the bio-optical model development.
Introduction
Scattering and backscattering are important inherent optical properties (IOPs) of water. The scattering coefficient, b (m ) is directly related to the signal exiting the water column, the so-called water-leaving radiance, and then the knowledge of b b is of primary importance for remote sensing applications (Boss and Pegau 2001) .
The particle backscattering, b bp (m -1 ), fraction of the total b b that is not due to the water molecules, is an important IOP. It describes not only how light returned to the water surface and thus forms the signal collected by sensors, but also has scientific implications and practical applications in optical remote sensing, as the light backscattered from various seawater constituents provides the possibility to derive information on the particulate populations under investigation (Shanmugam et al. 2011)) . Researchers have been conducted on the b and b bp mainly focused on the open ocean, since 1970s (Pak et al. 1970; Stramski et al. 2001; McKee and Cunningham 2006; Antoine et al. 2011) . However, the research related to the backscattering properties of inland waters, especially in Brazilian hydroelectric reservoirs, is incipient (Alcântara et al. 2016) .
Remote sensing methods to retrieve b bp are based on its relationship to R rs and can be empirical, semi-empirical, semi-analytical or analytical (Lee and Huot 2014) . The b bp depends at first order on the particulate concentration and at second order on the chemical composition, particle size distribution (PSD), and structure of the bulk particulate matter (Stramski et al. 2004) . The fraction of b bp affects the ocean color, determined by the relative contribution of living and nonliving particles (such as inorganic minerals, phytoplankton, and organic detritus) (Gordon et al. 1975 ). According to (Latha et al. 2013 ) many questions are still unsolved concerning the variability and controls on b bp and one way to progressively answer these questions is to analyze more concurrent in situ measurements of b bp and in-water constituents and their concentrations such as nonalgal particles, sediment types, chlorophyll, since IOPs are directly related to in-water constituents.
The scientific question raised in this letter is that: in an oligo-to-hypertrophic water system the models based on b bp will keep their good agreement or the influence of the organic matter (e.g. chlorophyll-a) can affect this relationship? The aims of this letter were (1) to analyze the b bp variability in a cascading reservoir system; (2) search for an empirical model that captures the relationship between b bp and [TSM], (3) identify the influence of the [Chl-a] on the bio-optical model development using the b bp as reference and (4) summarize the limitations and challenges in estimating the b bp from satellite images in tropical inland waters.
MATERIALS AND METHODS

Study Area
The Barra Bonita (BB) and Nova Avanhandava (Nav) reservoirs ( Fig. 1) (Barbosa et al. 1999) .
According to Padisák et al. (2000) the cascading reservoirs play an important role not only in providing services but also function as effective storing agents of considerable loads of nutrients, particularly at the upper-middle Tietê, contributing to the better water quality downstream of the cascade.
Field campaign
Two field campaigns were conducted in the end of the dry season in both BB and Nav reservoirs. In the BB reservoir, the field survey was accomplished in 13-16 October 2014 (Austral spring). In the Nav reservoir, the field campaigns occurred in 23-26 September 2014. A total of 18 samples were taken in BB and 19 samples in Nav.
Water sampling processing
Water samples were collected at each sampling spot and filtered through a glass fiber filter GF/F Whatman, 47 mm diameter and 0.7 lm pore size, to estimate the Chl-a concentration (lg l -1 ) in laboratory (Golterman 1975) . To estimate TSM (mg l -1 ), water samples were also filtered through a glass fiber filter GF/F Whatman (47 mm diameter and 0.7 lm pore size) and stored frozen in the dark (APHA 1998).
Volume scattering function and b b
The b b was measured using the ECO-BB9 equipment. ECO-BB9 acquires measurements at nine wavelengths centered at 412, 440, 488, 510, 532, 595, 650, 676 and 715 nm (WET Labs, Inc. 2013) . ECO-BB9 measures the volume scattering function, b (m -1 sr -1 ), around 1178 and is assumed that loss of photons due to scattering is negligible and only loss by absorption should be accounted for and corrected according to:
where b correction is the total volume scattering function, b measured is the raw calculated total volume scattering function, and a is the corresponding absorption coefficient that can be measured using the WET Labs AC-S device.
The volume scattering function of particulates (b p ) can be obtained by subtracting the volume scattering of water (b water ) from the b correction as follows:
Using b p the b bp is determined as:
From measurements of b with high angular resolution in a diversity of water types (Boss and Pegau 2001) determined v to be 1.1. This factor estimates b bp with an estimated uncertainty of 4 %. The conversion can be used for b(117°) measurements made at any visible wavelength. To compute the b b the backscattering from pure water (b bw ) needs to be added to b bp (Morel 1974) . 
Data interpolation
The [TSM] , [Chl-a] and b bp were interpolated using the Ordinary Kriging (OK) method (Isaaks and Srivastava 1989) . The semivariograms were fitted testing several theoretical models (spherical, exponential, Gaussian, linear and power) and using the weighted least square method. The theoretical model that gave minimum standard error was chosen for further analysis. In this case, the fitted model was based on the Gaussian model. The adjustment on the Gaussian model suggests the existence of smooth spatial variance pattern at the study site (Burrough and Mcdonnell 1998) .
Results and discussions
Descriptive statistics of water quality parameters and b bp at 440 nm
The statistics of selected water quality parameters and optical data in both reservoirs are shown in Table 1 . The trophic state (TSI) classification approach proposed by Carlson (1977) and adapted for the tropical inland waters in Brazil (Lamparelli 2008 ) was used and according to this author we can estimate the TSI of Nav and BB reservoir using the following equation:
The TSI classification for Nav reservoir ranged from mesotrophic to eutrophic and for BB reservoir as hypertrophic. The classification obtained in this work for BB reservoir is corroborated by Watanabe et al. (2015) . According to Alcântara et al. (2016) , Nav reservoir can also be classified as oligotrophic if the Chl-a concentration from the beginning of the dry season is considered (Austral Autumn). The next step was to calculate the b bp for Nav and BB reservoirs from b.
Particle backscattering coefficient
The Fig. 2 shows the b bp variability for Nav (a) and BB (b) reservoirs. The b bp at 440 nm (b bp440 ) values are slightly higher in Nav than in BB reservoir; only one sample in Nav reservoir was higher than 0.300 m -1 . This were interpolated in order to show the spatial distribution.
Water quality parameters and b bp variability
The [TSM] distribution in Nav reservoir (Fig. 3a) was more homogeneously distributed than in BB reservoir ( Fig. 3d ) and as expected (from Table 1 (Fig. 3e ) was more homogeneous and presented values higher than in Nav reservoir (Fig. 3b) . The [Chl-a] in BB was 61 times higher than in Nav reservoir. The b bp440 maps in Nav reservoir showed spots more delineated (Fig. 3c) with the lowest values occurring in the center of the water body and the highest values in the littoral zone. The spot with the highest b bp440 was more dominated by [TSM] than [Chl-a] in the upper side of the reservoir the contrary was seen in the down side, as can be observed in Fig. 3a, b . The b bp440 for BB reservoir (Fig. 3f) was basically divided into two portions, the upper side with the highest values and the down side with the lowest values. This pattern coincides with the [TSM] map (Fig. 3d) , since the highest [TSM] was observed for the upper side.
The next step was to analyze the relationship between b bp440 and [TSM], and the relationship between [TSM] and [Chl-a] . This was done using simple regression models.
Relationship between b bp440 and TSM concentration
There was a very high correlation between [TSM] and b bp440 for Nav reservoir with a coefficient of determination (R 2 ) of 0.976 (Fig. 4a) . Nav reservoir is an oligotrophic environment with very low [TSM] showing no correlation with [Chl-a] (Fig. 4b) . In Nav the mean ratio between The lack of correlation between the b bp440 and the [Chla] can be attributed partially to the package affect. The package effect is a common physiological strategy for large phytoplankton species, such as diatoms and reduces the absorption spectra (Bricaud et al. 1995) . These authors discovered that the chlorophyll-a specific absorption coefficient a Ã phy decreases with increasing [Chl-a] at 412, 443 and 490 nm and is lower at 675 nm. This inverse relationship was also reported in previous studies (Le et al. 2009a) and may be explained by the fact that an increase in [Chl-a] lead to an increase in the concentration of intracellular pigment or in cell volume rather than in cell number, resulting in an absorption efficiency loss in the package effect. The phytoplankton backscattering efficiency tends to be higher in blue than in red wavelength (Brewin et al. 2012 ), but can be masked due to the package effect.
Some authors have showed that b bp coefficient is highly correlated with TSM concentration (Wu et al. 2011) . Lobo et al. (2014) investigated the relationship between b bp and [TSM] in a controlled laboratory setting, and their primary results revealed a R 2 = 0.99 for wavelengths at 470 nm and 532 nm and R 2 = 0.97 at 660 nm. These results suggest that b bp can be used to estimate [TSM] in aquatic systems using remotely sensed images. The observed agreement between b bp and [TSM] so far was based on field or laboratory measurements, but the spatiotemporal monitoring of [TSM] will only be possible if this relationship holds true to be applied to a remotely sensed imagery.
Challenges to estimate [TSM] from b bp
The main challenge in using b bp to estimate [TSM] from satellite images is to parameterize a model to estimate b bp from R rs . Methods to remotely retrieve the optical properties are been under investigation for several decades. One of these methods is the quasi-analytical algorithm (QAA), which was originally developed by (Lee et al. 2002) ). The QAA is a model that derives IOPs, in particular, the spectral coefficients of a(k) and b b (k), from R rs (k). The QAA algorithm is based on the relationship between r rs (just below water surface remote sensing reflectance) and the IOPs of the water derived from the radiative transfer equation (RTE). The flow of QAA (version 5) to obtain the spectral b bp (k) is show in Table 2 . The QAA has been applied successfully in ocean water but, the applications to inland complex waters has proven that the algorithm fail mainly due to: (1) the estimation of the total absorption at a reference wavelength, a(k 0 ) that was empirically derived from synthetic dataset (step 2 in Table 2 ); and (2) the estimation of Y (step 4 in Table 2 ), which was originally and empirically derived using samples collected in open ocean and coastal areas that can be different from inland waters (Yang et al. 2013) . Besides, the reference wavelength (k 0 ) needs to be shifted from 555 nm to longer wavelengths, such as 753 (Yang et al. 2013) or 780 nm (Le et al. 2009b) . Watanabe (2016) parameterize and calibrate a QAA for BB reservoir and found that the wavelength of reference that provided the IOPs with the lowest error was 709 nm. The main limitation of this wavelength is the lack of orbital sensors that operates in this spectral region. The Moderate resolution imaging spectroradiometer (MODIS) has 36 spectral bands, but the nearest spectral band of 709 nm is the band 14 (678 nm); and the spatial resolution is also a problem for cascading reservoir systems due to the 1 km spatial resolution. The Operational Land Imager (OLI) onboard of Landsat-8 has 9 spectral bands, with band 4 (655 nm).
The Ocean and Land Colour Instrument (OLCI) onboard Sentinel-3 has 21 spectral bands with the band 11 with central wavelength at 708.75 nm. Therefore, the OLCI images will be very helpful to estimate the IOPs from satellite images support the parameterization of bio-optical models in order to estimate the COAs. The Sentinel-3 was launched in 16 February 2016 but until now the cascading system of Tietê River has not yet been imaged. Once OLCI images become available for our study area, the QAA model parameterized according to Watanabe (2016) will be used for COAs monitoring in a cascading system becoming operational.
Another method developed to estimate the b bp was presented by Tiwari and Shanmugam (2013) and was based on the diffuse attenuation coefficient (k d ). In this work, these authors used two wavelengths of reference, 530 and 555 nm, to relate the k d at 490 nm (k d490 ) and the b bp . Up to now this method has not been applied to inland waters in Brazil, but seems that the same problem of QAA will be encountered in this method; that is, the wavelength of reference.
Conclusion
The variability analyzed in the oligo-to-hypertrophic system represented by Nav and BB, respectively, showed that higher TSI values implies in lower correlations between b bp440 and [TSM]. The TSI values are calculated based on [Chl-a] , and the absorption feature of [Chl-a] in 440 nm affects the backscattering in this wavelength once the absorption mechanisms remove the available light within the system. Afterward, the same model agreement were not hold in both environments because [Chl-a] affected our results. Considering the available algorithms to estimate b bp , quasi-analytical models also presented limitations, mainly in their empirical step that depends on the right choice of wavelengths that produce the lower errors to estimate the IOP. At this moment, the remote sensors available, which provide free data, do not have bands that perfectly match with those reported in literature, representing a challenge in our case and indicating that further studies have to investigate the wavelength choice to retrieve IOPs from satellite images in tropical inland waters.
